Abstract. The effect of phases and steel processing on hydrogen uptake (diffusible and residual), surface and internal damage were evaluated using optical and scanning electron microscopy. The results have shown the fastest formation of blisters in ferrite-pearlite microstructure of strip, followed by equaixed ferrite-pearlite microstructure in normalised condition, then by ferrite-bainite microstructure. No blistering was observed in heat affected zone samples for up to 24 hrs charging. Analysis of hydrogen-induced cracking using electron back scattering diffraction has revealed that crack propagation has predominantly intragranular character without a clear preference on {001}, {110}, {112} and {123} planes and is independent of the steel microstructure and prior processing.
Introduction
Hydrogen-induced blistering and internal cracking can develop in steels without application of external load, when they are exposed to an environment with a high hydrogen content. This is typical for pipeline steels and pressure vessels in contact with wet hydrogen sulphide or hydrocarbons [1, 2] . Similar external and internal damage was observed after cathodic hydrogen charging of steels [3] [4] [5] . Ren et al. [4] has proposed that internal cavities can occur by the aggregation of hydrogen atoms and vacancies at trapping sites in the microstructure, resulting in blister formation and growth if cavity is proximate to the surface. On reaching a critical size the internal hydrogen-filled cavity can initiate cracking at the edges of the cavity due to to the internal hydrogen pressure. It has been reported that grain boundaries, interfaces between inclusions and the matrix and/or phase interfaces can act as hydrogen trapping sites for nucleation of cavities [4] [5] [6] [7] [8] [9] . Of these, interfaces between oxide inclusions and matrix are deemed to be the most common sites for cavity nucleation and crack extension [8, 9] . Development of hydrogen-induced cracking (HIC) has adverse effects on mechanical properties and service life of steels. Thus, many efforts have been focused on the control of microstructural homogeneity and cleanliness of the steel. In addition to microstructural features, crystallographic texture and grain-boundary distribution can also play a significant role in determining the characteristics of HIC. It was shown that steels with {001}ND fibre and close-to-random textures are more susceptible to HIC, whereas {111}ND fibre textures increase HIC resistance [10] .
To date, the majority of research has been on the effects of the inclusions and processing parameters on HIC for the same microstructures in steels, whereas different microstructures were studied for different steel grades. In the present study, the kinetics of crack initiation at cavities and blisters formation are studied as a function of the microstructure in microalloyed X70 steel. Particular attention is given to crystallography of HIC using the advanced electron back scattering diffraction (EBSD) technique.
Experimental Procedures
Commercial X70 pipeline steel manufactured by BlueScope Steel Ltd, with the nominal composition given in Table 1 , was received in the form of transfer bar and strip. Simulations of coarse-grained heat affected zone (HAZ) and normalising of transfer bar (950°C, 20 minutes) were carried out using tubular furnace with either quenching or slow cooling, respectively. The details are available elsewhere [11] . Electrolytical charging of 1 mm thick samples was carried out at a current density of 50 mA/cm 2 in 1M H 2 SO 4 with 250 mg/L of NaAsO 2 .
After charging, the samples were either stored in liquid nitrogen before hydrogen testing using hot extraction or immediately positioned for diffusible hydrogen determination using mercury according to AS/NZS 3752:2006 [12] . Table 1 . Chemical composition of the studied steel, wt.%. For microstructure characterisation, specimens were wire-cut perpendicular to the blister surface, then mechanically ground and polished. Energy Dispersive X-Ray Spectroscopy (EDXS) and EBSD studies were conducted using a JEOL 7001F Field Emission Gun -Scanning Electron Microscope (FEG-SEM) equipped with a XMax Oxford Instruments EDXS detector and with a Nordlys-II(S) EBSD camera and the Oxford Instruments AZtec acquisition software suite operating at 15kV, 3nA and 15mm working distance. Depending on the sample condition, the step size varied between 0.15 to 0.3 m.
Initial post processing of the raw data consisted of removing misindexes and wild spikes and addressing pseudo-symmetry issues using the HKL -Channel 5 TM software package. Low-angle boundaries (LAGBs) comprise misorientations between 2° and 15°, whereas high-angle boundaries (HAGBs) extend from 15° onwards. Thereafter the standard methodology for trace analysis [13] was used to investigate HIC.
Results and Discussion
The microstructure of strip consisted of banded ferrite-pearlite microstructure (BFP) (Fig. 1a) , whereas normalised transfer bar had equaixed ferrite-pearlite microstructure (EFP) (Fig. 1b) with 14 µm average ferrite grain size. The microstructure of transfer bar consisted of quasi-polygonal ferrite and granular bainite containing austenite-martensite (MA) islands (FGB) (Fig. 1c) , whereas the HAZ had coarse bainitic ferrite (BF) laths with interlayers of austenite (Fig. 1d) . A summary of diffusible and residual amounts of hydrogen present in the microstructure of the samples charged for 3 hrs are given in Table 2 . The EFP microstructure shows the lowest diffusible hydrogen content followed by BFP, FGB and BF which had the highest dislocation density. This trend is associated with the number of reversible hydrogen traps (dislocations, subgrain boundaries, etc.) present in the microstructure. In contrast, the HAZ BF microstructure exhibited the lowest residual hydrogen content followed by EFP, FGB and BFP microstructures. Due to the similarity of casting and roughing rolling schedules for all of the microstructures studied, the density of irreversible trapping sites at inclusions (oxides, MnS, etc.) are assumed to be the same. Therefore, differences in grain size, volume fraction and types of the phases are considered to be the main factors determining the trend of residual hydrogen content.
The appearance of blisters on the surface of the samples (Fig. 2a) was registered after different charging times; 2 hrs for BFP, 3 hrs for EFP and 15 hrs for FGB samples, whereas no blistering was recorded for BF sample after charging for 24 hrs. The latter observation may be related to the low amount of residual hydrogen in this condition and a high number of reversible hydrogen traps 962 THERMEC 2013 (Table 2) , which precluded formation of critical sized nuclei. The major cracks were located within the sample under the blister parallel to the surface with smaller cracks extending upwards towards the edges of the blisters, providing pathways for internal pressure release (Figs. 1a-1c) . X-ray mapping showed that in some cases crack initiation took place at inclusion/matrix interfaces, as can be seen in Fig. 3 . These inclusions were identified as Al, Ca oxides. This is in agreement with [9] , where crack initiation was predominantly observed at Si or Al-enriched oxides. However, many cracks did not contain any identifiable inclusions and, due to their location, it is likely that, similar to conclusions in [7] , interfaces between ferrite and MA constituent or ferrite/pearlite colonies can serve as crack initiation sites.
Crack propagation was predominantly transgranular, as only few intergranular cracks were found (Fig. 4) . Cracks were developed irrespective of the microstructure across ferrite grains, pearlite colonies or granular bainite. Only in some instances the cracks were partially following ferrite/pearlite (Fig. 2b) or ferrite/MA interfaces. This contradicts conclusions by Lee and Chan [6] that that the cracking occurs predominantly along bands of pearlite colonies in the banded ferritepearlite structure. This dominant intragranular cracking is also in disagreement with intergranular HIC observed in warm rolled API X52 steel with ferrite-pearlite microstructure [10] . Results of trace analysis are summarised in Table 2 . Transgranular cracking was observed on the cleavage {001} planes and on {110}, {112} and {123} slip planes, without a clear preferential trend. Branching of HIC also followed the same crystallographic planes. Analysis of grain orientations showed that grains with the same crack plane exhibit wide orientation spread, e.g. there was no preferential orientation for crack development. The results support the suggestion that the resistance to HIC could be improved by introducing texture control in such a way that grains have orientation unfavourable for operation of cleavage and slip planes [10] . Similar to the results of [10] , which indicated less susceptibility to HIC of microstructures with higher fraction of LAGBs, arrest of the crack propagation was observed in some cases at low angle boundaries (Fig. 5) . Step size = 0.15 µm.
Conclusions
The results have shown that steel microstructure has a pronounced effect on the rate of hydrogeninduced blistering and internal crack initiation, being the fastest in ferrite-pearlite microstructure. In some cases, oxide inclusions/matrix and pearlite-ferrite interfaces were deemed to be the crack initiation sites. However, HIC was found to be predominantly transgranular along {001}, {110}, {112} and {123} planes without a clear preferential trend. HIC branching was observed to be along these planes, whereas low angle boundaries were able to arrest crack propagation. 
